Psychiatric disorders continue to be among the most challenging disorders to diagnose and treat because there is no single genetic or anatomical locus that is causative for the disease. Current treatments are often blunt tools used to ameliorate the most severe symptoms, at the risk of disrupting functional neural systems. There is a critical need to develop new therapeutic strategies that can target circumscribed functional or anatomical domains of pathology. Adult hippocampal neurogenesis may be one such domain. Here, we review the evidence suggesting that adult hippocampal neurogenesis plays a role in emotional regulation and forms of learning and memory that include temporal and spatial memory encoding and context discrimination, and that its dysregulation is associated with psychiatric disorders, such as affective disorders, schizophrenia, and drug addiction. Further, adult neurogenesis has proven to be an effective model to investigate basic processes of neuronal development and converging evidence suggests that aberrant neural development may be an etiological factor, even in late-onset diseases. Constitutive neurogenesis in the hippocampus of the mature brain reflects large-scale plasticity unique to this region and could be a potential hub for modulation of a subset of cognitive and affective behaviors that are affected by multiple psychiatric disorders.
A dult neurogenesis is the process of continuously generating new neurons that can functionally integrate into the adult mammalian brain throughout life and a unique form of structural and functional plasticity in the hippocampus, a brain region key to learning, memory and mood regulation (Ming and Song 2011) . The subgranular zone (SGZ) of the dentate gyrus in the hippocampus is one of two discrete "neurogenic" regions in the adult mammalian brain that was initially identified using tritiated thymidine labeling of proliferating cells in rodents (Altman and Das 1965; Kempermann and Gage 1999) . Importantly, adult neu-rogenesis is also present in the human hippocampus, illustrating the intrinsic capacity of the human central nervous system to support newborn neurons and the possibility of exploiting this phenomenon for repair of dysregulated neural systems or recovery from injury (Eriksson et al. 1998; Sahay and Hen 2007; Kernie and Parent 2010) . Adult neurogenesis recapitulates the developmental process of embryonic neurogenesis, from proliferation and fate specification of neural progenitors, to differentiation, migration, axonal and dendritic development, and, finally, synaptic integration of newborn neurons (Ming and Song 2005; Braun and Jessberger 2013) . This unique form of neural development has attracted much interest not only as a model system to investigate brain development, but also to understand hippocampal functions because of the role of newborn granule neurons in several cognitive functions, including spatial learning and retention, memory retrieval, forgetting, and clearance of memory traces Deng et al. 2010; Christian et al. 2014) . Impaired adult neurogenesis, on the other hand, has been associated with cognitive impairments that are often present in patients with psychiatric disorders such as major depression, schizophrenia, anxiety disorders, and addictive behaviors (Christian et al. 2014) .
Psychiatric disorders account for an estimated 13% of the global disease burden and are among the most challenging diseases to treat. These disorders typically manifest with a diverse array of symptoms, have complex genetic risk associations, and poorly understood etiology. Currently, most available treatments are designed to ameliorate symptoms, rather than address the underlying pathology. Moving forward, it is imperative that we develop rational therapeutics based on a better understanding of the etiology and pathogenesis of the diseases. Different from neurodegenerative diseases that primarily affect specific cell types in the nervous system, psychiatric disorders affect widely distributed neural systems and cellular subtypes. However, cumulative evidence strongly suggests that structural and functional abnormalities in the hippocampus are associated with many mental disorders, indicating that this circumscribed region may be an area that is highly vulnerable to pathology relevant to these disorders and a specific target for new therapeutics.
Does impaired adult hippocampus neurogenesis directly contribute to the pathogenesis of psychiatric disorders? Extensive studies have now shown correlative changes in adult hippocampal neurogenesis under various pathophysiological conditions, such as aging, epilepsy, stroke, neurodegenerative disorders, and psychiatric disorders (Parent 2003; Sahay and Hen 2007; Kempermann et al. 2008; Winner et al. 2011) . Whether these changes represent adaptive responses to various pathophysiological conditions, part of the pathophysiology that contributes to the disease, or both, remains a key question for the field. Interestingly, for most psychiatric disorders, such as major depression, schizophrenia, anxiety disorders, and addiction, a decrease in cell proliferation within the dentate gyrus and reduced hippocampal volume have been reported, which are associated with impaired hippocampus-dependent functions, including working memory, context-dependent memory and recognition memory, and spatial pattern separation (Bremner 1999; Lie et al. 2004; Reif et al. 2007; Revest et al. 2009; Morris et al. 2010; Nixon et al. 2010) . For example, a significant subpopulation of patients with major depression has consistently shown reduced hippocampal volume and cognitive deficits (Sheline et al. 1996; Bremner 1999; Campbell and Macqueen 2004; Savitz and Drevets 2009; Kempton et al. 2011) . Volumetric magnetic resonance imaging (MRI) studies have further shown that the degree of hippocampal volume reduction correlates with total duration of major depression (Kempton et al. 2011) . The diagnosis of posttraumatic stress disorder (PTSD) has also been associated with hippocampal volume reduction and deficits in declarative memory function (Bremner 1999 (Bremner , 2006 Villarreal and King 2001) . In addition, a number of studies have indicated that the hippocampus is smaller in juvenile and adult patients with schizophrenia Csernansky et al. 1998; Nelson et al. 1998; Wright et al. 2000; Heckers 2001; Mattai et al. 2011) . Hippocampal volume reduction represents a loss of gray matter, which could lead to memory deficits and impaired cognitive functions (Goldman and Mitchell 2004) . Intriguingly, these structural and functional changes of the hippocampus in patients with psychiatric disorders can be attenuated or even reversed by treating patients with antidepressants, antipsychotics, or increasing physical exercise, many of which are known to have a profound impact on hippocampal neurogenesis (Sala et al. 2004; Dhikav and Anand 2007; Kempermann et al. 2010; Erickson et al. 2014) .
These studies and others raise the possibility that dysfunction of adult neurogenesis itself may play a causal role in psychiatric symptomatology and that adult neurogenesis could serve as a novel therapeutic target, particularly in light of provocative findings related to neurogenesis-mediated effects of antidepressants as described below. Thus, understanding endogenous mechanisms that regulate adult neurogenesis may give us critical insight into effector systems of successful treatments for psychiatric disorders and facilitate the development of more specific therapeutic strategies. Here, we review roles of adult hippocampal neurogenesis in three major psychiatric disorders, major depression, schizophrenia, and drug addiction, and discuss adult hippocampal neurogenesis as both a therapeutic target and a model system for drug development.
DEPRESSION
Major depression, or major depressive disorder, is a psychiatric disorder characterized by episodes of all-encompassing low mood accompanied by low self-esteem, decreased ability to concentrate, loss of interest or pleasure in normally enjoyable activities and recurrent thoughts of suicide. The "adult neurogenesis hypothesis" of major depression was the first proposed link between adult neurogenesis and a psychiatric disorder (Jacobs et al. 2000) . Jacobs and colleagues proposed that a stress-induced reduction in hippocampal neurogenesis is an important causal factor contributing to episodes of depression. Since the original proposal, numerous studies have either argued in favor of or against the hypothesis, which has evolved to postulate that decreased generation of new neurons in the hippocampus contributes to the pathogenesis of depression, and enhancing adult hippocampal neurogenesis is necessary for successful antidepressant treatments (Duman 2004; Sahay and Hen 2007) . This hypothesis is supported by the finding that antidepressants stimulate production of newborn neurons in the adult brain, which can partially repair structural abnormalities in the hippocampus of depressed patients (Sheline et al. 2003; Bremner and Vermetten 2004; Perera et al. 2008) . Similarly, promoting adult hippocampal neurogenesis is sufficient to mimic antidepressant action (Santarelli et al. 2003; Reif et al. 2007; Sahay and Hen 2007) . Still, some findings do not fit into this idea, including the fact that ablation of neurogenesis by factors other than stress, such as irradiation, fails to lead a "depressive-like" state in animals (Airan et al. 2007 ) and that both neurogenesis-dependent and neurogenesis-independent antidepressant actions have been observed (Sahay and Hen 2007; David et al. 2009 ). Although there is no clear functional theory that explains how newborn neurons in the adult hippocampus contribute to the induction or recurrence of depression, antidepressant-induced increases in adult neurogenesis has nevertheless been consistently shown across species, including primates and humans, by multiple laboratories and for multiple treatments, and has been shown to affect local circuit activity in the dentate gyrus (Airan et al. 2007) . In this section, three main lines of evidence linking adult hippocampal neurogenesis and depression will be discussed, including postmortem and structural imaging analyses of patients, roles of adult hippocampal neurogenesis in cognitive and affective functions, and interaction of antidepressant treatments with adult neurogenesis.
with an age-and sex-matched group of healthy individuals, was the first evidence suggesting a correlation between depression and abnormal hippocampal structure (Sheline et al. 1996) . Meta-analyses from numerous MRI studies have since confirmed this observation (Videbech and Ravnkilde 2004; Geuze et al. 2005; McKinnon et al. 2009 ). This same correlation holds true even for late-onset depression (Sawyer et al. 2012; Sexton et al. 2012) . Postmortem observations have also confirmed similar reductions in hippocampal volume (Rajkowska et al. 1999 ), but it is not yet known whether a decrease in adult neurogenesis is a contributing factor and to what extent. Using proliferation markers, such as Ki-67 or MCM2, a few postmortem studies have reported lower levels of cell proliferation in the hippocampus of patients with major depression compared with healthy controls, but the reduction in hippocampal volume could confound this interpretation in the absence of stereological analyses and results have been contradictory (Reif et al. 2006; Boldrini et al. 2009; Lucassen et al. 2010 ). The Lucassen group showed a reduction of MCM2 þ cells and the Boldrini group also observed a decrease of Ki-67 þ cells, whereas Reif group observed no change in þ cells in the adult hippocampus of patients with depression. But cell proliferation is not the only parameter that could affect adult neurogenesis. Changes in the number and properties of neural stem cells or the survival rate of new neurons would also affect the net outcome of adult hippocampal neurogenesis. Further studies are needed to clarify the connection between the level of adult neurogenesis and hippocampal volume change.
Role of Adult Hippocampal Neurogenesis in Cognitive and Affective Functions
Since the discovery that the dentate gyrus is one of two regions of the adult mammalian brain to generate new neurons constitutively and robustly, this region has been the focus of many investigations to understand functional consequences of this phenomenon. Recent studies have focused on behaviors associated with the dentate gyrus, with specific emphasis on functions ascribed to distinct anatomical regions. Based on anatomical studies of efferent connectivity and behavioral reports, the hippocampus is often divided into two functional domains that span the longitudinal axis. Dorsal hippocampus is thought to contribute to spatial memory formation and the associative encoding of discrete stimuli. Behavioral analyses using different approaches for ablation of adult hippocampal neurogenesis have suggested a connection between neurogenesis and cognitive functions, such as spatial and temporal encoding and contextual discrimination (Aimone et al. 2014) . Ventral hippocampus has been associated with modulation of affective behaviors and emotionally salient memories (Kheirbek and Hen 2011; Kheirbek et al. 2013; Tannenholz et al. 2014; Wu and Hen 2014) . The relationship between adult hippocampal neurogenesis and mood regulation is complex. After the initial study reporting that adult hippocampal neurogenesis is required for the effectiveness of antidepressants fluoxetine and imipramine in certain depressive-like and anxiety-like behaviors in certain mouse species (Santarelli et al. 2003) , subsequent studies have shown variable degrees of dependence on adult neurogenesis for established antidepressant treatment efficacy (Sahay and Hen 2007) . Enhancement of adult hippocampal neurogenesis via exercise, pharmacological, or genetic manipulations elicits anxiolytic and antidepressant effects on behaviors (Jang et al. 2013b; Wu and Hen 2014; Hill et al. 2015) , suggesting the sufficiency for an increase in adult hippocampal neurogenesis to reduce depressive-like behavior. Interestingly, several lines of evidence also suggest a role of adult hippocampal neurogenesis in stress adaptation via regulation of the hypothalamic -pituitary -adrenal (HPA) axis (Schloesser et al. 2009; Snyder et al. 2011; Surget et al. 2011 ) and this function might affect depressive-or anxiety-like behavior in an indirect manner. On the other hand, a recent study by Hill and colleagues (2015) reports that increasing adult hippocampal neurogenesis produces antidepressant-like behaviors independent of HPA axis. It is also important to consider the hippocampus as both an integrated structure, as well as comprised of different functional do-mains, and that the dorsal hippocampus can also be indirectly involved in the regulation of emotion, as supported by the negative correlation between performance on a pattern separation task and the Depression Anxiety Stress Scale (Shelton and Kirwan 2013) . Further studies are warranted to elucidate the functional domains of dorsal versus ventral hippocampus, their interaction, and how adult hippocampal neurogenesis contributes to the totality of hippocampal functions.
It is still challenging to even measure the extent of adult neurogenesis in humans, much less to study its functional role in human cognition and emotion. Nonetheless, there are some links to suggest the relationship between human neurogenesis and cognition and emotion. Patients with major depression show various hippocampal-dependent core symptoms related to cognitive and affective functions, including impaired working and declarative memory and learning deficits (Hasler et al. 2004 ). There are also negative correlations of pathological conditions with both cognitive function and levels of neurogenesis Rola et al. 2004; Lupien et al. 2007; Bishop et al. 2010 ). Age-related declines in adult human hippocampal neurogenesis do not appear as robust as in rodents, but the correlation between relative rates of decline and cognitive impairment have yet to be determined. A confirmation of direct or indirect links between human adult hippocampal neurogenesis and pathoetiology will require the development of novel imaging technologies allowing tracing of neurogenesis in patients.
Role of Adult Neurogenesis in Mediating Antidepressant Action
Correlations between the efficacy of antidepressant treatments and the extent of adult neurogenesis have been a driving force to pursue the "neurogenesis model" of depression (Jacobs et al. 2000) . The hypothesis that adult hippocampal neurogenesis plays a critical role in affective behavior and responsiveness to exogenous antidepressants gained early support from studies in which dividing cells were targeted for ablation. In a pioneering study, Rene Hen and colleagues reported that inhibition of hippocampal neurogenesis by X-irradiation resulted in the striking finding that the effects of fluoxetine on anxiety-like behavior were abolished (Santarelli et al. 2003) . Given these provocative results, many studies attempted to replicate these findings, and the cumulative evidence now suggests that this effect depends on the strain of mice, as well as the type of antidepressant (Surget et al. 2008; David et al. 2009 David et al. , 2010 . For example, behavioral effects of chronic fluoxetine in BALB/ cJ mice do not require adult hippocampal neurogenesis or the 5-HT1A receptor, suggesting that antidepressants, such as selective serotonin reuptake inhibitors (SSRIs), can lead to antidepressant-like effects via distinct mechanisms in different mouse strains (Holick et al. 2008) . Genetic manipulations of pathways that regulate neurogenesis have also been shown to interact with antidepressant treatment. For example, conditional deletion of receptor tropomyosinrelated kinase B (TrkB), the cognate receptor for brain-derived neurotrophic factor (BDNF), results in decreased adult hippocampal neurogenesis, increased anxiety-like behavior, and abolishes the action of antidepressants (Bergami et al. 2009; Revest et al. 2009 ). Although adult neurogenesis appears to be necessary for the beneficial effects of some antidepressants, suppression of neurogenesis alone does not result in a depressive phenotype, suggesting that a reduction in newborn neurons is not sufficient to cause depression (Airan et al. 2007; David et al. 2009 ). Conversely, physical exercise can increase performance in many cognitive tasks and may also restore some degree of hippocampal function in psychiatric patients or in healthy but aging individuals by promoting adult neurogenesis (van Praag et al. 1999a (van Praag et al. ,b, 2005 Creer et al. 2010; Lugert et al. 2010 ).
Effects of Antidepressant Treatment on Adult Neurogenesis
In parallel, one of the most intriguing insights into the role of adult hippocampal neurogenesis in depression comes from the observation that many antidepressant treatments lead to concomitant beneficial effects on behavior and adult hippocampal neurogenesis. A large number of studies have found that antidepressants dramatically enhance adult hippocampal neurogenesis in species ranging from rodents to nonhuman primates to humans ( Fig. 1) (Malberg et al. 2000; Malberg and Duman 2003; Santarelli et al. 2003; Encinas et al. 2006; Perera et al. 2007; Boldrini et al. 2009; Pinnock et al. 2009 ). For example, SSRI or tricyclic antidepressant (TCA)-treated patient groups with major depression had more NESTIN þ neural progenitor cells and Ki-67 þ dividing cells compared with untreated patients or control groups. Surprisingly, the untreated patient group had 50% fewer dividing cells than controls (Boldrini et al. 2009 ). Although these results are consistent with studies in animal models showing a correlation between levels of neurogenesis and affective behavior, they are based on a relatively small sample size. Replications with larger samples are warranted for further conclusion. Table 1 summarizes the studies of antidepressant treatments in animal models in the context of adult hippocampal neurogenesis and behavior. The most widely used antidepressants are SSRIs, which increase the action of serotonin at the synapse (Cipriani et al. 2005; Deshauer et al. 2008 ). Fluoxetine, an SSRI, enhances adult hippocampal neurogenesis (Malberg and Duman 2003; Encinas et al. 2006; Pinnock et al. 2009; Jang et al. 2013b) . Classical TCAs, such as desipramine and imipramine, also up-regulate adult hippocampal neurogenesis (Malberg et al. 2000; Santarelli et al. 2003) . Unlike most antidepressants, tianeptine is an atypical antidepressant that is a selective serotonin reuptake enhancer but also regulates AMPA and NMDA receptor activity. Tianeptine treatment ameliorates depressivelike behavioral effects following chronic stress in tree shrews and increases adult neurogenesis (Czeh et al. 2001; Fuchs et al. 2002) .
Neurogenesis-induced structural and functional changes in the hippocampus could arise from increased proliferation and/or increased survival of newborn cells. The effects of antidepressants on specific stages of neurogenesis have been investigated in detail and revealed several potential mechanisms of action ( Fig. 1) (David et al. 2010) . For example, fluoxetine increases the rate of symmetric divisions of amplifying neural progenitors (Encinas et al. 2006) . In addition, it accelerates maturation of immature neurons after chronic treatment, as shown by enhanced dendritic arborization and complexity (David et al. 2010 ). On the other hand, tianeptine decreases apoptotic cell death in the dentate gyrus (Lucassen et al. 2004) .
Strikingly, nonpharmacological antidepressant treatments have also been shown to upregulate adult hippocampal neurogenesis. Electroconvulsive therapy (ECT), vagus nerve stimulation, short-term sleep deprivation, environmental enrichment, and physical activity represent considerably different modes of therapy for major depression, all of which have been shown to enhance adult hippocampal neurogenesis and ameliorate depressive-like behavior (Madsen et al. 2000; Hellsten et al. 2002; SegiNishida et al. 2008; Ma et al. 2009 ). For example, a single ECT treatment in rodent models, similar to what is used clinically for the treatment of major depression and schizophrenia, significantly increases the survival rate among newborn neurons for up to 2 months, whereas multiple treatments also increase proliferation of neural progenitors in the adult dentate gyrus (Madsen et al. 2000; Malberg et al. 2000; Wang et al. 2000; Segi-Nishida et al. 2008) . Recent studies have identified secreted frizzled-related protein 3 (sFRP3), a Wnt signaling inhibitor that regulates activity-induced adult neural progenitor proliferation and differentiation, as a molecular mediator of multiple antidepressant treatments in rodent models and may correlate to response time to antidepressants in depression patients (Jang et al. 2013a,b) . Collectively, these studies suggest that reversal of stress or depression-induced structural and cellular changes in the hippocampus is one mechanism for the therapeutic effect of antidepressant treatments.
Animal Models of Depression
Many animal models rely on different forms of stress to induce depressive-like behavior. Chronic or acute stress episodes have been identified as an etiological factor and trigger for the onset of anxiety and affective disorders in patients and shown to negatively regulate adult hippocampal neurogenesis in rodent models (Gould et al. 1997; Santarelli et al. 2003; Surget et al. 2008) . Moreover, physical stressors such as inescapable foot shock (Malberg and Duman 2003) and repeated restraint (Pham et al. 2003) have been used to induce depressive-like behaviors in animal models and also have a negative impact on adult neurogenesis (Fig. 1) . For example, chronic psychosocial stress via a social defeat protocol reduces cell proliferation and survival of newborn granule neurons .
Although it is estimated that major depression is moderately inheritable (40% -50%), the development of genetic animal models for major depression has been limited (Levinson 2006) . Increased levels of corticosterone, a glucocorticoid hormone secreted by the adrenal gland in response to stress, have been consistently observed in patients with major depression and in animals subjected to chronic stress. Adult neurogenesis in the dentate gyrus is known to be sensitive to glucocorticoid levels (Gould and Tanapat 1999; . In heterozygous knockout mice for the glucocorticoid receptor, adult neurogenesis was inhibited (Kronenberg et al. 2009 ). In addition, mice treated chronically with corticosterone show anxiety-related and depressive-like behaviors (David et al. 2009 ). Genetic mutations of serotonin receptor 1A (5-HT1A) in humans that correlate with lowered expression levels of 5-HT1A are risk factors for depression and also reduced responsiveness to antidepressants (Le Francois et al. 2008) . Comparatively, in 5-HT1A knockout mice, the effect of fluoxetine on behavior, as well as neurogenesis, was abolished (Radley and Jacobs 2002) . Thus far, many animal models appear to share many genetic and environmental risk factors for anxiety or depression-like behaviors, and the potential for mechanistic overlap.
Converging evidence that includes neuroanatomical and neurochemical abnormalities in the hippocampus of patients with depression, behavioral studies implicating the hippocampus in cognitive and affective behavior, dependence of antidepressant efficacy on neurogenesis in some cases, and modulation of adult neurogenesis by distinct classes of clinically effective antidepressants, supports the adult neurogenesis hypothesis of depression, at least in part. However, it remains to be determined whether impaired adult hippocampal neurogenesis is a causal factor underlying the relevant pathology in depression. In addition, considerable work is still required to understand how newborn neurons could mediate the action of antidepressants at the molecular, cellular, or system levels.
SCHIZOPHRENIA
Schizophrenia is a complex genetic disorder that presents with variable cognitive deficits BrdU, Bromodeoxyuridine; NSF, novelty-suppressed feeding; NS, not studied.
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and affective symptoms. Patients typically show a subset of positive symptoms, which include delusions, hallucinations, disorganized speech and behavior, and/or negative symptoms, which include an inability to express emotion, cognitive deficits, memory impairments, and a lack of motivation, interest, and empathy.
Neurodevelopmental Model of Schizophrenia
The neurodevelopmental model of schizophrenia holds that schizophrenia is the behavioral outcome of neural dysregulation that begins long before the onset of clinical symptoms (Weinberger 1987; Cardno et al. 1999; Singh et al. 2004 ). This hypothesis has been supported by diverse lines of research. First, structural changes have been documented in the brains of children with prodromal symptoms (Rapoport et al. 2012), many of which parallel neuroanatomical studies of schizophrenic patients that have shown structural abnormalities including enlarged lateral and third ventricles and decreased volumes of gray and white matter (Lawrie and Abukmeil 1998; Wright et al. 2000) . These decreases occur predominantly in the hippocampus (Nelson et al. 1998) , thalamus (Konick and Friedman 2001) , and frontal lobes (Davidson and Heinrichs 2003) . Second, microarray gene expression studies have linked alterations in gene expression in postmortem patient tissue to presynaptic function, signaling, myelination, and migration, many of which are integral stages in neural development. However, it should be noted that most of these results are from studies with relatively small sample sizes and were not controlled for pharmacological treatment history (Kumarasinghe et al. 2012 ).
The strongest evidence to date supporting the neurodevelopmental hypothesis comes from recent linkage and genome-wide analysis studies that have identified a large number of susceptibility genes for schizophrenia that are known to function in neural development (Rapoport et al. 2012) . The idea that abnormal adult hippocampal neurogenesis might be involved in the symptomatology or pathogenesis of schizophrenia is based on postmortem and functional imaging studies, as well as clinical features of schizophrenia. Postmortem samples from patients with schizophrenia show decreased expression of the cell proliferation marker, Ki-67 in the hippocampus (Fig. 1) (Reif et al. 2006) . Correlated with this observation, reduced hippocampal volume, using meta-analysis MRI, has been reported in patients (Steen et al. 2006) . In addition to changes to cell proliferation, impaired maturation of adult-born dentate granule cells in patients with schizophrenia has also been reported ). Interestingly, several studies show a correlation between amelioration of the behavioral and cognitive symptoms of schizophrenia and normalization of hippocampal volume, thus linking the anatomical and cognitive behavioral manifestations of this disorder to the hippocampus (Sapolsky 2000; Sala et al. 2004; Dhikav and Anand 2007) . Impaired adult hippocampal neurogenesis, as a distinct form of dysregulated neurodevelopment, might contribute to the structural changes and hippocampal-dependent affective and cognitive symptoms.
Animal Models of Schizophrenia and Adult Neurogenesis
Modeling schizophrenia in animals is an approximation of specific facets of the disorder, including behavioral abnormalities that resemble a subset of symptoms or neural mechanisms that may contribute to the etiology. Although there have been several studies demonstrating an association between a particular genetic manipulation and behavioral effects that appear to be related to symptoms of schizophrenia, a oneto-one relationship between a single gene and a specific behavior is unlikely. It is largely unknown whether the risk genes identified in genome-wide association studies interact or converge on common signaling pathways. There is, however, an increased appreciation for the idea that deficits in shared signaling cascades may contribute to comorbid endophenotypes. Exploring the functional role of schizophrenia risk genes in neurodevelopment and adult neurogenesis and identifying the underlying molec-ular mechanisms has therefore been an important approach to understand the etiology of psychiatric disorders. Table 2 summarizes the studies of schizophrenia susceptibility genes in animal models in the context of adult hippocampal neurogenesis and behavior.
Disrupted-in-schizophrenia 1 (DISC1) is one of the most extensively studied susceptibility genes for schizophrenia and has proven to be a useful model for how to investigate complex genetic disorders starting with a single known risk factor. DISC1 was originally identified in a large Scottish pedigree in which a translocation in this locus cosegregates with mental disorders such as schizophrenia and major depression (Millar et al. 2000; Blackwood et al. 2001; Taylor et al. 2003) . DISC1 is highly expressed in the hippocampus, both during development and in adulthood, suggesting it has a functional role in both neurodevelopment and adult neurogenesis (Austin et al. 2004; Schurov et al. 2004 ). Behavioral assays of several genetic DISC1 mouse models, such as single nucleotide mutations or overexpression of truncated DISC1 resulting in altered DISC1 expression, revealed schizophrenic-like or depressive-like behaviors (Thomson et al. 2013) . DISC1 has been shown to regulate precursor cell proliferation during adult neurogenesis through the GSK-3b/bcatenin pathway, thus linking DISC1 to Wnt signaling (Mao et al. 2009 ). Furthermore, several studies have described a critical cell-autonomous role for DISC1 in regulating the tempo of newborn neuron maturation in the adult hippocampus. Retrovirus-mediated expression of short hairpin RNA (shRNA) against DISC1, specifically in newborn granule neurons, results in enhanced dendritic outgrowth, enlarged soma size, mispositioning of the cell body, ectopic dendrites, aberrant connectivity of axonal mossy fibers, and arrested maturation of presynaptic output (Duan et al. 2007; Faulkner et al. 2008; Kang et al. 2011 ). DISC1-dependent regulation of neurodevelopment is modulated through the AKT/mammalian target of rapamycin (mTOR) pathway. DISC1 directly interacts with KIAA1212 (girdin) and suppresses the activation of AKT (Kim et al. 2009 ). Pharmacological inhibition of the AKT downstream effector mTOR, via rapamycin, largely rescues the cellular defects caused by DISC1 deficiency. Interestingly, depolarizing g-aminobutyric acid (GABA) signaling has been identified to regulate dendritic development of immature neurons via the AKT-mTOR pathway and is subject to DISC1 regulation. Release of neurotransmitters, such as glutamate and GABA, can serve as an indicator of general circuitry activity. Therefore, this study showed an interaction between local neural activity and a schizophrenia susceptibility gene, a gene-environment interaction in the regulation of neuronal development in the mammalian brain (Kim et al. 2012 ). Intriguingly, hippocampal-dependent cognitive and affective deficits in mice resulting from DISC1 deficiency, specifically in newborn granule neurons of the hippocampus, were partially rescued by rapamycin (Zhou et al. 2013 ). Taken together, these studies suggest that the mental disorder susceptibility gene DISC1 regulates discrete components of neurogenesis and neuronal development through distinct signaling pathways, which is consistent with the neurodevelopmental hypothesis. Understanding the biological role of key players in this pathway may reveal novel therapeutic targets to modulate neurogenesis and relevant behaviors, which could be effective even in adulthood.
Another prominent risk gene for schizophrenia, NPAS3 (neuronal PAS domain-containing protein 3), was identified through linkage and association studies (Kamnasaran et al. 2003; Pickard et al. 2005 Pickard et al. , 2009 Huang et al. 2010 ). NPAS3 encodes a transcription factor of the hHLH (basic helix -loop -helix)-PAS family and is mainly expressed in the developing central nervous system and the adult brain (Brunskill et al. 1999 ). Npas3 knockout mice showed reduced cell proliferation in the adult hippocampus, conferring a potential inability to appropriately remodel neural connections in hippocampal circuitry in response to environmental stimuli or psychological challenges (Pieper et al. 2005) . Moreover, these mice have shown schizophrenia-like behaviors, such as hyperactivity, impaired prepulse inhibition, deficits in memory formation, and anxiety-like behavior (Brunskill et al. 2005; Pieper et al. 2005) . Murphy et al. 1999 Many genes encoding proteins that are involved in synaptic function have been shown to be susceptibility genes for schizophrenia. One such gene is synaptosomal-associated protein, 25 kDa (SNAP-25). SNAP-25 is a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein, which plays a critical role in regulating synaptic vesicle exocytosis (Chapman 2002; Jahn et al. 2003; Sudhof 2004; Corradini et al. 2009 ). Human genetic studies have identified the association between SNAP-25 and neurological disorders, including schizophrenia, attention-deficit/hyperactivity disorder (ADHD), and epilepsy. Moreover, SNAP-25 was identified as one of the top 42 candidate genes for schizophrenia in a genome-wide meta-analysis (Lewis et al. 2003) . In SNAP-25 mutant knock-in mice (Ala187Ser), NS, Not studied; KO, knockout; KD, knockdown; DG, dentate gyrus.
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adult hippocampal neurogenesis was suppressed. Furthermore, significant numbers of dentate gyrus granule cells were histologically and electrophysiologically immature, more than would be predicted based on proliferation rates and the tempo of normal development, and these mice showed severe impairments in working memory . Neurexins (NRXNs) and neuroligins (NLGNs) are families of synaptic proteins, which are known to be risk factors for schizophrenia (Novak et al. 2009; Rujescu et al. 2009; Ikeda et al. 2010; Gauthier et al. 2011; Mozhui et al. 2011; Sun et al. 2011; Yue et al. 2011) . These proteins are synaptic cell-adhesion molecules involved in various neuronal processes, including differentiation, maturation, stabilization, and plasticity of both inhibitory and excitatory synapses (Bang and Owczarek 2013) . Although the functional role of NRXNs in adult hippocampal neurogenesis is unknown, one study has shown that neuroligin-1 plays a critical role in determining the morphology and survival rate of newborn granule neurons in the hippocampus (Schnell et al. 2014 ). Similar to SNAP-25 mutant mice, a disproportionate number of immature granule cells have also been observed in other animal models of schizophrenia, such as heterozygous calmodulin-dependent protein kinase II (aCaMKII) knockout mice ) and Schnurri-2 knockout mice . Importantly, aCaMKII knockout mice and Shn-2 knockout mice also show schizophreniclike behaviors including working memory deficits and hyperlocomotive activity. These animal studies thus suggest a link between disrupted maturation processes of adult-born cells and hippocampal dysfunction.
DiGeorge syndrome chromosomal critical region 8 (DGCR8), is a gene within 22q11.2 and the encoded protein is a component of the microprocessor complex involved in microRNA biogenesis (Wang et al. 2007 ). The 22q11.2 microdeletion is the most commonly occurring copy number variation (CVN) (Botto et al. 2003) and is a well-established risk factor for schizophrenia (Pulver et al. 1994; Murphy et al. 1999) . Heterozygote Dgcr8 knockout mice (Dgcr8 þ/2 ) show a significant decrease in the proliferation of adult hippocampal neural progenitor cells and corresponding deficits in spatial working memory (Stark et al. 2008; Ouchi et al. 2013) . Interestingly, rescue of decreased proliferation in adult hippocampus by administration of insulin-like growth factor (IGF)-2 was sufficient to reverse the behavioral defects in hippocampal-dependent learning, suggesting a potential role of defective adult hippocampal neurogenesis in mediating deficits in learning observed in schizophrenia patients. These studies suggest that enhancement of IGF-2 signaling and adult neurogenesis could serve as a potential therapeutic strategy for the treatment of cognitive deficits associated with schizophrenia.
In summary, impaired adult hippocampal neurogenesis and arrested growth of developing neurons appear to be consistent across multiple animal models of schizophrenia ( Fig. 1) and have also been observed in patients with schizophrenia , often linked to a particular genetic risk factor. Together, these studies suggest a critical role for a functionally mature dentate gyrus in cognitive function and a potential contribution of dysregulated adult neurogenesis in the pathogenesis of schizophrenia.
DRUG ABUSE AND ADDICTION
Drug addiction involves the acquisition and maintenance of a drug-taking habit, which often becomes a recurrent problem wherein affected individuals can spend weeks, months, or years abstaining from substance abuse, and yet remain highly susceptible to relapse and drug-seeking behavior. Hippocampal modulation of drug addiction has received increasing attention because of the putative role of the hippocampus in mediating associative memories of drug-related behavior that can trigger a relapse on re-exposure to similar contexts. It is well established that dopaminergic reward circuitry in the brain, that is, dopaminergic projections from the midbrain ventral tegmental area (VTA) to the nucleus accumbens (NAc) and frontal cortex, plays an important role in drug addiction by enhancing dopamine efflux in the NAc, either directly or indirectly (Koob et al. 1992; Spanagel and Weiss 1999) . The hippocampus, on the other hand, is positioned to influence brain reward pathways by receiving inputs from both the NAc and VTA and establishing a feedback loop through efferent projections to the NAc (Gasbarri et al. 1991 (Gasbarri et al. , 1994 Floresco et al. 2001; Bannerman et al. 2004) . These neuroanatomical observations suggesting that the hippocampus interacts with reward circuitry were further substantiated by functional studies showing that manipulations of hippocampal subfields alter the firing of VTA dopaminergic cells and dopaminergic responses in NAc (Mitchell et al. 2000; Floresco et al. 2001; Charara and Grace 2003; Won et al. 2003; Zornoza et al. 2005a,b) . The recent discovery that addictive drugs alter adult hippocampal neurogenesis in animal models has added new insight into the neurobiology of drug addiction. The most intriguing findings are the negative correlations between the level of hippocampal neurogenesis and drug-taking or drug-seeking behaviors. Manipulations that enhance adult hippocampal neurogenesis, such as exposure to enriched environments, chronic treatment with antidepressants, or exercise, are associated with reduced drug-taking and a lower rate of relapse in animal models (Kanarek et al. 1995; Baker et al. 2001; Green et al. 2002; Stairs et al. 2006; Smith et al. 2008 ). On the other hand, conditions that decrease neurogenesis in humans, including schizophrenia or stress Reif et al. 2006) , are associated with increased likelihood of drug addiction (Erb et al. 1996; Chambers and Self 2002; Covington and Miczek 2005) .
Alcohol has been one of the most intensively studied drugs in the field of addiction. Generally, there is a negative correlation between alcohol consumption and the level of adult hippocampal neurogenesis, but the effects of alcohol on neurogenesis vary greatly with dosage, intake patterns and duration of exposure (Fig. 1) . In an early study, acute alcohol consumption was shown to reduce cell proliferation in the dentate gyrus (Nixon and Crews 2002) . Interestingly, this suppression was partially compensated for by a burst of proliferation after withdrawal, suggesting homeostatic maintenance of neurogenesis levels over the short term . Exercise in a running wheel also counteracts the inhibitory effect of alcohol on neural stem-cell proliferation . Chronic consumption of moderate doses of alcohol, on the other hand, has a negative effect on the survival of newborn granule neurons in mice, with no alteration in the proliferation rate of neural progenitors. This increase in the cell death of newborn neurons is prevented by administration of the antioxidant ebselen, suggesting a possible oxidative mechanism for toxicity in hippocampal cells (Herrera et al. 2003) . In mice, long-term voluntary alcohol self-administration for 10 weeks in a twobottle free-choice test enhanced proliferation in the dentate gyrus, with new cells surviving and differentiating normally (Aberg et al. 2005 ). Chronic alcohol treatment over 11 months in adolescent macaque monkeys, on the other hand, resulted in long-lasting reduction in number of proliferating neural stem cells in dentate gyrus (Taffe et al. 2010) . Moreover, in the abstinence state following withdrawal from chronic alcohol consumption, depressive-like behavior and reduced numbers of neural progenitors and immature neurons were observed in the dentate gyrus of adult mice and both structural and behavioral phenotypes are alleviated by the antidepressant desipramine (Stevenson et al. 2009 ). These studies suggest that hippocampal neurogenesis might mediate the comorbidity of depressive symptoms associated with alcohol dependence and provide a potential explanation for the clinical observation that hippocampal volume is reduced in alcoholic patients (Bengochea and Gonzalo 1990; Sullivan et al. 1995; Agartz et al. 1999) . Chronic alcohol treatment is also associated with longlasting changes in synaptic plasticity and learning and memory deficits. Thus, the hippocampus may be important for some shared cognitive features of addiction, depression, and schizophrenia (Walker and Freund 1971; Santin et al. 2000; Roberto et al. 2002) .
Stimulants are psychoactive drugs that have been used to temporarily enhance mental and/ or physical performance. They are used clinically to treat certain conditions, but they are also
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Cite this article as Cold Spring Harb Perspect Biol 2015;8:a019026 used recreationally and are a common drug of abuse. Opiates were the first psychostimulants associated with adult neurogenesis and in vivo exposure of m-opioid receptor agonists in rodent models leads to reduced progenitor proliferation and deficits in the maturation and survival of new neurons in the hippocampus . Likewise, cocaine abuse is also negatively associated with some facets of adult hippocampal neurogenesis. Both short-and longterm treatment of cocaine reduces proliferation in the dentate gyrus, but the effect on survival and dendritic maturation is not always consistent, possibly caused by the use of different animal strains and various drug administration protocols (Eisch 2002; Yamaguchi et al. 2004; Dominguez-Escriba et al. 2006; Noonan et al. 2008; Mustroph et al. 2011) . Negative effects of cocaine on cell proliferation were concomitant with impairments in working memory, even during abstinence from high dosage cocaine self-administration (Sudai et al. 2011) . Ablation of adult hippocampal neurogenesis using Xray irradiation results in an increase in cocaine self-administration and drug-seeking behaviors, suggesting that impaired neurogenesis leads to increased susceptibility to drug addiction (Noonan et al. 2010) . Enhancing adult hippocampal neurogenesis has been suggested to protect against cocaine-primed relapse (Deschaux et al. 2014) . These studies indicate that recalibrating baseline levels of neurogenesis following chronic cocaine administration may reduce susceptibility to relapse. MDMA (ecstasy) is a drug with hallucinogenic properties. Shortterm binge MDMA administration in rats has been shown to decrease the survival of neural progenitor cells without affecting the proliferation rate ). Longterm repeated exposure to ethanol and MDMA together leads to prominent cognitive impairments associated with neuronal loss and microgliosis in the dentate gyrus of adolescent rats, implying that simultaneous use of alcohol and MDMA may pose serious health risks (Hernandez-Rabaza et al. 2010) . Simultaneous use of MDMA and alcohol during pregnancy in rats resulted in long-lasting effects on pups over the course of development and into adulthood.
Rats with prenatal exposure to MDMA and alcohol had decreased proliferation, reduced adult neurogenesis and showed significant abnormalities in cognitive function and exploratory activity (Canales and Ferrer-Donato 2014) . Similarly, in utero exposure to MDMA reduces proliferation and survival of newborn neurons in the adult mouse hippocampus (Cho et al. 2008) . Together, these studies suggest that there may be irreversible adverse effects of MDMA exposure during neural development. Nicotine is a stimulant drug used widely around the world. The impact of nicotine on adult neurogenesis appears to be more complicated. A recent study reported that ZY-1, a nicotinic analog, shows a positive effect on cell proliferation and migration of hippocampal neural stem cells in vitro (He et al. 2013) , whereas in vivo chronic nicotine administration decreases the survival and maturation of new neurons, without affecting cell proliferation, in the adult rodent hippocampus (Abrous et al. 2002; Wei et al. 2012) .
Collectively, most addictive drugs, especially when administered chronically, decrease the proliferation or survival rate of neural progenitors, leading to global deficits in hippocampal plasticity (Fig. 1) . However, the role of neurogenesis in addiction has not yet been studied in sufficient detail. The studies performed so far have been primarily descriptive and correlative. Future studies are needed to address the functional interaction between addiction and adult neurogenesis, including the effects and underlying mechanisms of drugs on adult hippocampal neurogenesis and the extent to which adult neurogenesis mediates addiction and drug abuse.
ADULT NEUROGENESIS AND DRUG DEVELOPMENT
Psychiatric disorders are usually comprised of a diverse array of symptoms. The treatments that have proven effective for major psychiatric diseases include psychotherapy (such as cognitive, behavior, and group therapy) (Hofmann and Smits 2008; Rathod et al. 2008 ), brain-stimulation treatments (such as ECT, transcranial magnetic stimulation, vagus nerve stimulation, and deep brain stimulation) (George et al. 2000; Mayberg et al. 2005; Fink and Taylor 2007; O'Reardon et al. 2007) , and psychopharmacology (drugs such as lithium, haloperidol, TCAs, atypical antipsychotics, SSRIs, and memantine). However, because of a lack of knowledge regarding the underlying genetic and neurobiological mechanisms of psychiatric disease, we are mostly treating symptoms with blunt approaches that can have many off-target effects on well-functioning neural systems. In addition, only 65% of patients with mood disorders respond adequately to available medications (Al-Harbi 2012). As for schizophrenia, existing treatments are usually targeted toward the subset of symptoms that is the most disruptive and fail to ameliorate all categories of symptoms. Furthermore, currently available medications are difficult to tolerate and can cause serious side effects, and patients with schizophrenia may be particularly prone to noncompliance (Miyamoto et al. 2005) . For example, clozapine is an effective medication that treats psychotic symptoms, hallucinations, and breaks with reality, but can frequently cause agranulocytosis (Wahlbeck et al. 1999; Chakos et al. 2001; Tuunainen et al. 2002) , a life-threatening side effect in which the immune system is seriously impaired. Therefore, there is an urgent need for developing new strategies for prevention and treatment of psychiatric disorders. Increasing evidence supports that dysfunction of adult hippocampal neurogenesis itself plays a causal role in psychiatric symptomatology, thus raising the hope that manipulation of this endogenous phenomenon can be a target for the amelioration or prevention of some aspects of psychiatric illness, with fewer side effects.
Adult Neurogenesis as a Potential Therapeutic Target
Identification of pathological lesions in specific brain regions or degeneration of specific cell types has contributed greatly to the rapid progress in understanding the etiology of some neurological disorders and the subsequent development of targeted treatments. A large body of evidence now suggests that impaired adult neurogenesis in the hippocampus is associated with various mental disorders, including major depression, schizophrenia, mood, and anxiety disorders as well as addictive behaviors. Importantly, decreased adult neurogenesis correlates with reduced cognitive and affective functions, a common symptom in patients and a frequent phenotype in animal models of these diseases, and often coincides with a decrease in cell proliferation in the dentate gyrus and reduced hippocampal volume (Bremner 1999; Lie et al. 2004; Reif et al. 2007; Revest et al. 2009; Morris et al. 2010; Nixon et al. 2010; Noonan et al. 2010) . As adult hippocampal neurogenesis is directly linked to the action of antidepressants, it has been suggested that adult neurogenesis could be a target for treatment of depression (Banasr et al. 2006; Dranovsky and Hen 2006; Drew and Hen 2007; Sahay and Hen 2007) . Using strategies to mimic physiological or environmental neurogenic stimuli may thus facilitate the development of novel therapeutics.
Based on the findings that hippocampal neurogenesis is down-regulated under pathological psychiatric conditions in patients and animal models, and up-regulated by antidepressant drugs and other antidepressant treatments (Table 1) , a neurogenic hypothesis of depression emerged, proposing that neurogenesis in the adult hippocampus may involve mood control and is necessary for some of the behavioral effects of antidepressants. Further studies on animal models of psychiatric disease provided direct evidence to support the hypothesis that restoration of adult hippocampal neurogenesis can rescue some cognitive impairments. For example, work performed by the McKnight group discovered that the proneurogenic chemical P7C3 leads to enhanced cognitive capacity in aged rats on administration (Pieper et al. 2010) . Importantly, treatment with P7C3 elicits antidepressant efficacy in mice by increasing hippocampal neurogenesis . In addition, a study on fragile-X syndrome showed that, although ablation of fragile-X mental retardation protein (FMRP) in neural progenitor cells leads to reduced hippocampal neurogenesis in vitro and in vivo, resulting in significantly impaired hippocampus-dependent learning in mice, restoration of adult neurogenesis via FMRP expression in neural progenitor cells (NPCs) rescues these learning deficits . Furthermore, DISC1 knockdown specifically in adult-born dentate gyrus neurons has been shown to result in increased mTOR signaling and pronounced cognitive and affective deficits. Importantly, suppression of mTOR signaling with treatment of the Food and Drug Administration (FDA)-approved inhibitor rapamycin can rescue the behavioral deficits (Zhou et al. 2013) . These studies provide evidence that dysregulated adult neurogenesis may contribute to the cognitive impairments seen in psychiatric diseases, and that the cognitive deficits in animal models can be at least partially rescued by restoration of neurogenesis in the adult brain, suggesting that adult neurogenesis is a viable therapeutic target.
Adult Neurogenesis as a Platform for Understanding Psychiatric Disorders
Although the causes of many severe mental disorders are still poorly understood, cumulative evidence suggests a role for neurodevelopmental dysregulation, even in late-onset disorders. Both genetic and environmental factors play a role in disease onset and progression. Recent advances in genome-wide sequencing technology and analyses have identified a large number of susceptibility genes for psychiatric disorders, but a major challenge is to understand the role of these genes in neural development and function and how they contribute to causally relevant pathology (Abdolmaleky et al. 2005; O'Donovan et al. 2009; Kleinman et al. 2011 ). Adult hippocampal neurogenesis provides an attractive cellular model to understand the mechanisms mediating the etiopathophysiology of mental disorders with several unique advantages (Christian et al. 2010) . First, adult neurogenesis recapitulates each step of neuronal development, including proliferation, cell fate specification, migration, axonal and dendritic development, and synapse formation. Second, the time course of these developmental events is significantly prolonged in the adult brain compared with the developing brain, which allows for increased temporal resolution in the analysis of each developmental step and is thus more amenable to dissecting the cellular and molecular mechanisms regulating each stage. Third, adult hippocampal neurogenesis is not only regulated by intrinsic factors, but is also affected by external stimuli, such as neuronal activity, environmental factors, and psychotropic drugs. Thus, the system provides a unique platform to study the interactions between genes and environment. Finally, transgenic or retroviral techniques allow for inducible and reversible manipulation of genes and proteins of interest in specific neuronal or stem-cell populations, allowing the opportunity to investigate how susceptibility genes contribute to the pathology underlying psychiatric disorders. Thus, adult neurogenesis may not only play a role in psychiatric symptomatology, but is also useful for investigating the developmental mechanisms that contribute to psychiatric diseases. The utility of adult neurogenesis as a model to explore the genetic basis of neurodevelopmental disorders is constrained by the number of identified genetic risk factors. For some disorders, including schizophrenia and autism spectrum disorders, numerous risk factors have been reported, although the biological functions of most of the identified genetic variants in neurodevelopment are still unknown. For other psychiatric disorders, including depression and addiction, we know much less about the genetic risk factors and thus it is much more difficult at the moment to capitalize on the potential of this system to explore the consequences of disease-relevant genetic mutations on neuronal development. But exploiting this cellular model through targeted genetic or environmental perturbations should further our understanding of the molecular basis of neuronal development to diagnose, treat, and potentially prevent some of the most debilitating psychiatric illnesses.
CLOSING REMARKS
The discovery of neurogenesis and neural stem cells in the adult mammalian hippocampus has enhanced our understanding of the plasticity of the mature brain and provided a unique model to explore neuronal development and the integration of newly born cells into existing neural circuitry. It has also raised questions regarding the functional contribution of these cells in established neural circuits. As the role of adult hippocampal neurogenesis in cognitive and affective functions is slowly being revealed, studies are now focusing on how dysregulation of neurogenesis in the adult brain is related to the pathogenesis and progression of mental disorders. Although much work remains to be performed in this regard, a wealth of provocative data support that intact neurogenesis promotes cognitive function, prenatal or adult exposure to detrimental factors impair adult neurogenesis and hippocampal function, disparate antidepressant treatments enhance neurogenesis and require neurogenesis to be effective, and many psychiatric risk genes affect both perinatal brain development and adult neurogenesis. The contribution of these two phases of neurogenesis to psychiatric diseases are not known, especially in patients, and begs for further investigation. As a model system to investigate neuronal development, adult neurogenesis is invaluable in our attempt to identify key signaling pathways and cellular processes affected by risk genes, which can pave the way to a deeper understanding of the biology underlying psychiatric disorders. As an endogenous phenomenon that modulates affective and cognitive behaviors, we are only beginning to understand how this constitutive reshaping of local hippocampal circuitry impacts neural systems, and how it could be a therapeutic target to restore some functions in patients with psychiatric disorders.
